It is shown that under phosphate deficiency an alkaline phosphatase activity in the chloro plast and the thylakoid membrane o f Chlam ydom onas reinhardtii is increased. It is proposed that the ratio of kinase/phosphatase converts an active, stable phosphorylated cleavage system into a labile unphosphorylated and turning over state.
Introduction
Exposure of C h lam ydom on as reinhardtii cells to high light intensities leads to loss of photosynthesis capacity and d egradation of o ne of the reaction center polypeptides of PS II, the D 1 protein. This loss may be com pensated by resynthesis of the D 1 protein. P h o toinhibition becom es ap p a re n t w hen resynthesis of the plastom e coded D 1 p ro tein is prevented by addition of chloram phenicol or lincomycin. This process has b een well studied in C h la m yd om on as reinhardtii p articularly by O had and his collaborators (Präsil et al., 1992) and others (see references in Präsil et al., 1992) . The m echanism of photoinactivation of PS II follow ed by degradation of the D 1 protein has been studied extensively also in isolated thylakoids for several decades. Recently detailed proposals for the re sponse of the reaction center of PS II and for cleavage sites in the D 1 protein w ere rep o rted in p articular from B arb er and A ndersson (1992) in so-called donor and acceptor site inhibition re spectively. The related phenom enon of the rapid turnover of the D 1 protein is also long know n and is studied in particular in S pirodela by E delm an and his collaborators (for review see M attoo et al., 1989) . This group closed in on the prim ary cleav age site in the am ino acid sequence of the D 1 p ro tein in rapid turnover to be located in an extended loop betw een the 4th transm em brane helix D and a parallel helix D E (G reen b erg et al., 1987) . R e cently a m odel for the control of the accessibility 0939-5075/94/0700-0439 $ 06.00 © 1994 Verlag der Zeitschrift für Naturforschung. All rights reserved. of the extended loop (Trebst et al., 1988) with the cleavage site in rapid tu rn o v er has been proposed on the basis of the occupancy state of the Q B site in the D 1 protein by quinone or specific inhibitors (Jansen et al., 1993) . A ccordingly, the relaxed state of the extended loop is cleaved w hereas in a state arrested by plastoquinone or by certain inhibitors the D 1 protein is stable.
The assum ed proteolytic system that cleaves the D 1 p ro tein in rapid tu rn o v er has not been iden tified. Som etim es even doubts have been raised th at th ere exists one, i.e. chem ical cleavage of the protein by radicals gen erated by triplett states of the reaction cen ter with oxygen or autocatalytic cleavage. In p hotoinhibition the 43 kD a protein of PS II in thylakoids is suspected by Salter et al. (1992) to carry a serine type proteolytic activity.
H ere we p resent evidence for a proteolytic sys tem in vivo. We conclude this from the observation th at the d egradation of the D 1 protein and the photoinhibition of PS II caused by several hours of high light in C h la m yd o m o n a s reinhardtii cells can be blocked by p re tre a tm en t with inhibitors of the translatio n of nuclear encoded proteins. The necessity of prior phosp h ate deficiency of the cell for stability of the D 1 protein is interp reted to indicate th at the putative cleavage system is under control of a kinase/phosphate system. The inac tive, dephosp h o ry lated cleavage system is turning over and is d epleted w hen phosphatases have been induced by phosphate deficiency and C H I p re vents resynthesis.
Materials and Methods
C h la m yd o m o n a s reinhardtii was grown in T A P (T ris/acetate/phosphate) m edium containing 20 mM Tris, 1 mM K H 2P 0 4/K 2H P 0 4, pH 7.2, 7.5 mM N H 4C1, 0.35 mM C aC l2, 0.4 mM S 0 4, 0.1% (v/v) m icroelem ents according to A m rhein and Fillner (1973) and at a light intensity of 70 W /m 2 at 20 °C, bubbled with 5% C 0 2/air. A fter 24 h grow th an aliquot of the cells w ere resuspended eith er in full o r in phosphate-deficient medium . A fter additional 20 or 24 h grow th in low light (70 W /m 2) the inhibitor protocol described in Table I and the figures was started. The phos phate-deficient cells w ere grown in the same m e dium , except th at p h osphate was left out and 1 mM KC1 added. For high light the cell cultures were exposed in the sam e m edium to 2000 W /m 2 for the time given in Results.
Thylakoid m em branes from the C h la m y d o m on as reinhardtii cells w ere prepared by sonication (4 x 1 5 s) and differential centrifugation. P ho tosynthetic activity was followed spectroscopically of ferricyanide reduction at 420 nm plus or minus a lipophilic quinone m ediator.
Intact chloroplasts w ere prepared according to H arris (1989) . We th ank S. Schrader, B ochum , for providing the autolysin. Im m unoblotting of the D 1 protein was done with an antibody against a truncated D1 protein as of am ino acid 161. The values in Table I for im m unoblots and au to rad io graphs are obtained by laser screening. Phos phatase activity was m easured by following the hydrolysis of p -n itro phenylphosphate at 400 nm at pH 8. B arber, 1992) . R esynthesis of D1 protein may mask this by reassem bling active PS II. T herefore often C A P is added to the experim ent to prevent any resynthesis (see Präsil et al., 1992). This princi pal p ro perty of D 1 degradation in photoinhibition is again seen in the control experim ent in Fig. 1 . Photosynthetic activity continues after an acetate grown C h la m yd o m o n a s reinhardtii cell suspension is brought into strong light (2000 W /m 2) after 24 h with 70 W /m 2 light. B oth addition of 0.6 mM C A P or 1 mM of the arginine antagonist canavanine lead to a rapid disappearance of photosystem II activity and of the D 1 protein m easured in isolated thy lakoids prepared from such cells after 2 or m ore hours in high light. A ddition of canavanine and then later also C A P after 2 or 4 h high light com pletely abolishes activity.
Results

U n d er photoinhibitory conditions
These known pro p erties of photoinhibition were m arkedly changed w hen C h la m yd o m o n a s rein hardtii was grown u n d er phosphate deficiency for 24 h. As Fig. 2 shows, addition of 0.6 mM C A P still m arkedly reduces photosynthetic activity though not to zero activity. But 1 mM canavanine is no longer an effective inhibitor and C A P added after canavanine p retre atm en t no longer abolishes ac tivity. The later C A P is added, th e sm aller is its effect. As show n below in Table I , th ere is no [14C]leucine in co rp o rated u n d er any conditions in the presence of C A P -as expected -i.e. the ac tivity of photosystem II is n o t d ue to newly synthe sized proteins. Lincom ycin (0.45 mM) hasthough som ew hat less p ro n o u n ced -the sam e effect as CAP. The im m unoblot in Fig. 3 A shows that indeed in cells grow n in p h o sp h ate m edium canavanine and lincom ycin lead practically to a disappearance of the D 1 p ro tein w hereas in phos phate-deficient cells th ere is an appreciable am ount left. F u rth e r d o cu m en tatio n is given in Table I . Fig. 3 B shows the au to rad io g rap h of the thy lakoid pro tein s th a t becam e labelled w ith [14C]leucine. T here is in co rp o ratio n into the D 1 protein in both norm al and phosphate-d eficien t cells but none in either culture in the presence of C A P and canavanine. A com parison of these lanes with those of the im m unoblot shows th at the D 1 p ro tein observed in phosphate-deficient cells plus C A P is not due to newly synthesized protein. Table I Table I . A fter 20 h phosphate deficiency, 0.35 mM C H I was added in w eak light. Strong light was tu rned on after 2 m ore hours in weak light and then canavanine was added. The cells were kept in high light for 4 h and then 0.6 mM C A P and [I4C]leucine w ere added and strong light continued for tw o m ore hours. A fter no canavanin e, no C A P + can a v a n in e, no C A P no c a n a v a n in e , no C A P + c a n a v a n in e , no C A P + C A P a t Oh high light c a n a v a n in e added Time protocol of the experiment in hours: after 20 h growth ± phosphate in low light. 0.35 mM CHI were added. A fter two more h in the low light 1 mM canavanine was added and high light turned on. A fter 4 h high light 0.6 mM CAP and [14]leucine were added and high light continued. A fter 2 h light was turned off, the cells centrifugated and thylakoids prepared and measured as described in Fig. 3 .
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the light was tu rn ed off, thylakoids w ere isolated and the th ree p aram eters m easured. P retreatm ent with C H I dim inishes activity of the D 1 protein co n ten t in p h osphate-deficient cells som ew hat less th an in phosphate-grow n cells (after 4 h strong light only th e re is no effect of C H I in phosphate m edium and even stim ulation in p h o sp h ate-de ficient cells; d a ta not show n here but given in the Thesis of E. B racht, 1994). C A P com pletely abol ishes PS II activity and leads to com plete degra d ation of the D 1 protein in pho sp h ate m edium but does not com pletely in p h o sphate-deficient cellssee also Fig. 1 and 2 . The effects of canavanine are quite different in the two types of cells. C anavan ine inhibits photosynthesis in phosphate-grow n cells but it does not in p hosphate-deficient grown cells. If both types of translational inhibitors are added -see detailed protocol shown below in Table I is a m arked difference betw een plus and m inus phosphate-grow n cells. In phosphate-grow n cells there is no PS II activity and no D 1 p ro tein left. In phosphate-depleted cells, even in high light con ditions, the D 1 protein is n ot com pletely degraded and an appreciable photosynthetic activity re mains. [14C-]Leucine incorporation was used to check for absence or presence of p ro tein synthesis. There is no [14C]leucine in corporation into the D 1 protein band in the presence of C A P in cells grown in the presence or absence of phosphate, see also Fig. 3 . T herefore the D 1 p ro tein observed in the cells grown w ithout phosphates in the pres ence of C A P by im m unoblotting rep resents D 1 protein which had not been degraded in the cells grown w ithout phosphates as opposed to phosphate-containing cells. P hotosynthetic activity isas expected -m ore sensitive to high light due to photoinactivation preceding D 1 degradation. T here is photoinactiv atio n in the control as well as in the deficient cells for exam ple w hen activity appears to be higher th an the D 1 protein, this is due to photo in activ atio n in the control, because the values are given in percent of th e control. Sim ilar d ata of the kind in Table I are given in Fig. 1 and 2 . A ctually th e values in th e Fig. 1 and 2 after turning on high light, are com puted from those in Table I . The figures show m ore clearly that in ph o sp h ate-d ep leted cells th e addition of C A P does n o t abolish photosynthesis activity after p retre atm en t with canavanine and th a t the extent of stabilization dep en d s on the tim e after which C A P was added. The later C A P is added the higher is the activity rem aining -due to an in creased stability of the D 1 p ro tein -some of which had been resynthesized durin g the period before C A P addition. A n d vice versa -as dis cussed below -the later the cleavage system had been depleted. In stead of 1 mM canavanine we used 0.35 m M C H I (no fu rth er d a ta th an those in Table I are given h ere but in the Thesis of E. B racht, 1994).
The im m unoblots of the D1 p ro tein (Fig. 3 A ) and the au to rad io g rap h s of leucine incorporation (Fig. 3 B ) into the D 1 p ro tein are given in Table I for som e of the points in the Fig. 1 and 2 .
Phosphate-deficient cells of C h la m yd o m o n a s reinhardtii have fu rth er changed p ro p erties in a d dition to the stabilization of the D 1 p ro tein under high light. A m ajor change in p h o sp h ate deficiency is the induction of phosphatases. This is know n al ready for phosp h atases in the o u te r m em brane (D um ont et al., 1993). A s Table II show s there is also an induction of alkaline pho sp h atase activity in the m em b ran e fraction and in th e "bro k en cell su p e rn a ta n t" fraction m easured a fte r sonicating cells. A lso in the m atrix (strom a) com p artm en t of the chloroplast and in th e thylakoid m em branes phosphatase activity is increased. A s this m em brane fraction is not pure, intact chloroplast were first isolated by autolysin tre a tm e n t and then osm otically b ro k en and sep arated by cen trifugation according to H arris (1989) . The phos phatase activity in th e m em brane fraction appears to be peripherally attach ed as it can be increased by mild d eterg en t tre a tm e n t (Table II) . We have not yet studied these m em b ran e-b o u n d phos phatases activity in detail. O ctylglucoside treat- m ent may not be the optim al way to release the bound phosphatase. We have prelim inary results that the soluble phosphatase in the chloroplast is fluoride-sensitive (but not 100% ). This has to be studied in m ore detail. The pH optim um is at pH 8, i.e. they are alkaline phosphatases. A n alka line phosphatase has recently been purified by Kieleczawa et al. (1992) , thought to be the phos phatase involved in L H C P dephosphorylation. Indication for a light-dependent phosphatase for D 1 protein dephosphorylation was recently given by Elich et al. (1993) . We have not yet tested protein phosphatases.
Discussion
The proteolytic system th at cleaves the D 1 p ro tein in rapid turnover or in photoinhibition after light has m oved the protein in an accessible m ode (Jansen et al., 1993) has n ot been identified. Salter et al. (1992) have suggested on the basis of inhibi tor studies in isolated thylakoids that it m ay be the chloroplast coded 43 kD a anten n a protein of PS II th at has this proteolytic activity on the basis of labelling of this protein by diisopropyl-fluorophosphate which inhibits D 1 degradation in th eir sys tem . A utocatalytic cleavage of the D 1 p ro tein is discussed by K om enda and B arb er (1994) . We re p ort here on conditions in which the D 1 protein The results in this p ap er are published in detail in the Thesis of E. B racht (1994) indicate a new approach for clarifying the reaction sequence in rapid tu rn o v er of the D 1 p rotein. They show that n o t only the D 1 protein has to be brought into an accessible state for degradation as already dis cussed by Jansen et al. (1993) , but th at also a cleav age system exists th at is u n d er light control as well.
We like to p ro p o se a hypothesis for the control of PS II activity and of D 1 protein degradation and for the regulation of the cleavage system from an in te rp re ta tio n of o u r results (Fig. 4) .
A nuclear coded cleavage system for the D 1 protein was shown to exist here, i.e. the d eg ra dation is not an autocatalytic process induced by oxygen radicals. The cleavage system exists in an active and an inactive state depending w hether it is phosphorylated or not. A kinase activity may be light-controlled possibly by the P Q /P Q H 2 state. From the m utant studies of G ong and O had (1991) (see below ) we like to suggest th at the redox state of plastoquinone for activation of the kinase is oxi dized. The unphosphorylated cleavage system is inactive, labile, and turning over. We assum e th at under phosphate deficiency phosphatases are in duced. They will change the ratio of kinase/phos phatase activity tow ards the dephosphorylation state and the cleavage system is brought into the labile state. The tu rn o v er rate of the dephosp horylated cleavage system m ay get alm ost close to th at of the D 1 p ro te in itself. P reventing resyn thesis of the protein(s) of the cleavage system by inhibition of translation, i.e. by C H I or canavanine, eventually causes its depletion. T herefore after 6 h high light we find a m uch re ta rd ed degradation of the D 1 protein in phosphate-deficient [230] [231] [232] [233] [234] [235] [236] [237] [238] [239] [240] [241] [242] [243] [244] [245] [246] [247] of the D1 protein (the "exposed state"). The loop is in the "arrested state" when the 0 B site is occupied. The cleavage system cuts in the exposed loop when it is phosphorylated by a redox-controlled kinase and thus converted to the active state. Phosphatases -in the experiment described induced by phosphate deficiency of the cell -dephosphorylate the cleavage system to an inactive state. As the cleavage system turns over, CHI pretreatm ent depletes it by pre venting resynthesis.
destabilizing it and this way m ay induce its own degradation. A s the cleavage system is turning over the p ro tein (s) m ight th erefo re not necessarily be present in PS II prep aratio n s, w here one would look for identification of this protease. The cleav age system may also contain a chloroplast-coded com ponent i.e. a two subunit system like the Clp protease system described by M aurizi et al. (1990) . This chloroplast coded subunit of the cleavage sys tem m aybe indeed be indicated by recent results of Kim et al. (1993) w ho find a stable D 1 protein aggregate in high light grow n D unaliella in the presence of CAP. The Clp system is A T P-dependent and such a system was show n to exist in the chloroplast by Liu and Jag endorf (1984 In addition to a p ro p er poise of the cleavage system , also the su b strate -the D 1 protein -has to be in an accessible state in o rd er for degra dation to be possible (Jansen et al., 1993) . This is also a redox-controlled process via the redox and occupancy state of Q B but likely in a way opposite to the poising of the cleavage system. We p ro posed th at the occupancy state of the Q B controls the cleavage site in the exten d ed loop in the am ino acid sequence of the D 1 protein by changing its accessibility to proteolytic activities (Trebst et a l, 1988; Jansen e ta l., 1993). In a relaxed an d access ible state o f the lo o p the Q B site is empty. The loop is arrested and stabilized w hen plastoquinone or certain inhibitors occupy the site. This concept has recently been su b stan tiated by com paring the cor relation of p ro p erties of rapid tu rn o v er in S p iro d ela with the properties of trypsin sensitivity at arg 238 -a site also in the extended loop -and with the response to m utations in the Q B site tow ards phenolic inhibitors with specific side chains (Jansen et a l, 1993) . These correlations show a real specific change in accessibility of specified am ino acid. The cleavage site in the ex tended loop of D 1 is in a contact site betw een the extended loop of both the D 1 and D 2 proteins (Trebst, 1991) , and it is this contact th at is loosen ing up in the conform ational change. The cleavage is therefore specific for a position in a dom ain or area ra th e r than specific for a particular am ino acid as m utant studies have recently shown by Kless et al. (1992) . These studies also show th at these tw o conform ational states of the D 1 protein are photosynthetically active.
The concept of an em pty or reduced Q B site for getting the D 1 protein into a degradable state (re laxed m ode of the loop) appears to be accepted and is supported by the studies with thylakoids by A ndersson and Styring (1991). It is, how ever, chal lenged by Präsil et al. (1992) and G ong and O had (1991) , who suggest th at -just the opposite -an oxidized Q B site poises the D 1 protein for d egra dation. This they concluded from photoinhibition studies with C h la m yd o m o n a s reinhardtii m utants with deletion of eith er the cytochrom e b j f com plex, plastocyanin or PS I in which th erefo re the PQ pool rem ains reduced (G ong and O had, 1991) . In such system s the D 1 protein is n ot degraded. We propose here th at these results of G ong and O had do not show the properties how to get the D 1 protein poised for the degradation but ra th er that they observe the control of the cleavage sys tem by the redox state of plastoquinone. We p ro pose that in O h a d 's m u tan t experim ents the cleav age system is inactive when plastoquinone is reduced. This predicts th at when w eak light slowly oxidizes P Q H 2 after th a t state in high light the cleavage system is reactivated and then the D1 protein is degraded. This has indeed recently been observed by Z e r et al. (1994) .
T here is an o th er aspect of the recognition of a certain p art of the D 1 protein by a n o th e r protein. 
